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Abstract.
By comparing the growth of Cu thin films on bare and graphene-covered
Ru(0001) surfaces, we demonstrate the role of graphene as a surfactant
allowing the formation of flat Cu films. Low-energy electron microscopy, X-ray
photoemission electron microscopy and X-ray absorption spectroscopy reveal that
depositing Cu at 580 K leads to distinct behaviors on both types of surfaces. On
bare Ru, a Stranski-Krastanov growth is observed, with first the formation of
an atomically flat and monolayer-thick wetting layer, followed by the nucleation
of three-dimensional islands. In sharp contrast, when Cu is deposited on a
graphene-covered Ru surface under the very same conditions, Cu intercalates
below graphene and grows in a step-flow manner: atomically-high growth fronts
of intercalated Cu form at the graphene edges, and extend towards the center of
the flakes. Our findings suggest potential routes in metal heteroepitaxy for the
control of thin film morphology.
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Introduction
The way thin films grow epitaxially on a single
crystal surface strongly depends on the respective
surface energies, the interaction strength between
the deposited adatoms and the surface, and on the
epitaxial stress induced by the substrate. Three
primary growth modes are usually considered in thin
film epitaxy [1, 2]:
– The Frank-van der Merwe growth mode, when
adatoms attach preferentially to the surface rather
than clustering, leading to a layer-by-layer growth,
– The Volmer-Weber growth mode, when adatoms
preferentially bond together, resulting in the formation
of three-dimensional islands,
– The Stranski-Krastanov growth mode, which is an
intermediate situation characterized by the formation
of three-dimensional islands on top of a two-
dimensional layer.
These considerations are thermodynamic argu-
ments, and (strong) deviations from these growth
modes occur when growth is governed by kinetic limita-
tions. Other surface morphologies may be obtained in
specific cases, for example when surface alloying plays
a key role [3, 4, 5, 6]. Surfactants can also be em-
ployed to influence surface energetics and thus con-
trol thin film morphology [7, 8, 9, 10, 11, 12]. In
that context, graphene has been recently identified as
an interesting surfactant, being a floating [13], cova-
lent and deformable membrane that allows intercala-
tion of adatoms and confined growth under a purely
two-dimensional (2D) cover [14].
Adatoms intercalated between graphene and the
substrate obviously interact with both materials.
Thus, besides affecting the film morphology, one
might also expect graphene to potentially modify the
structural, electronic or magnetic properties of the
intercalated layer. For instance, graphene has been
shown to be a promising capping layer in magnetic
systems, especially to promote perpendicular magnetic
anisotropy [15, 16, 17, 18, 19], a redistribution of
the magnetic moment perpendicular to the surface
[20, 21, 22, 23, 18, 24], or chiral magnetic textures
[25, 26, 27].
Intercalation is usually obtained by post-annealing
treatments [28, 29, 30, 31, 32, 33, 34]. Although a
discussion on the microscopic origin of the intercalation
process remains often vague, point defects in graphene
have been proposed to be potential channels where
matter can penetrate [30, 35]. Other studies suggest
that besides point defects [36, 37, 38], graphene edges
[39, 40, 14] are also efficient intercalation pathways.
In this work, we investigate the growth of
Cu films on a graphene-covered Ru(0001) surface,
using low-energy electron microscopy (LEEM) and
X-ray photoemission electron microscopy (PEEM),
combined with spatially-resolved electron reflectivity
and photoelectron yield spectroscopy. This system is
interesting as graphene is known to strongly interact
with Ru [41], while Cu is a metal of choice to decouple
epitaxial graphene [42, 43, 44, 29] and to modify its
electronic properties [45, 46]. When it is deposited
at 580 K, we find that Cu intercalates underneath
graphene and then grows in a step-flow manner. In
sharp contrast, on bare Ru(0001) and under the
very same conditions, Cu growth is characteristic
of a Stranski-Krastanov mode: randomly distributed
three-dimensional Cu islands form on a wetting layer.
These findings highlight the unique surfactant role of
graphene and suggest potential routes for controling
the morphology of thin metal films in heteroepitaxy.
Methods
Experiments were performed under ultrahigh vacuum
conditions (base pressure of 4×10−10 mbar). A
ruthenium single-crystal cut with a (0001) surface was
used as a substrate. The surface was prepared by
repeated cycles of 820 eV Ar+ ion sputtering and
flash-annealing to 1720 K. To reduce the concentration
of dissolved carbon close to the surface region, the
sample was occasionally annealed at 870 K under a
10−6 mbar partial pressure of O2 for 10 min. Just
after this treatment, and in any case prior to graphene
growth, the sample was flash-annealed to 1510 K. This
procedure yielded a clean surface, with no apparent
trace of surface contamination or residual graphene
flakes as assessed by low-energy electron microscopy
(LEEM) and low-energy electron diffraction (LEED).
Graphene growth was then performed by slowly
decreasing the substrate temperature in order to
promote surface segregation of carbon dissolved into
the bulk [47, 48]. We observed that graphene islands
start to form below 1120 K, while they rapidly
decompose above 1170 K as bulk dissolution of carbon
is activated. We chose a temperature of about 1100 K
for which the typical distance between graphene nuclei
is a few to several 10 µm. After a ∼20-30% surface
coverage was obtained, the sample was quenched to
room temperature to stop the growth.
An evaporator was used to deposit 99.99%-
pure Cu on the surface. The deposition rate was
determined by LEED and LEEM observations during
the completion of a pseudomorphic Cu monolayer
on an Ir(111) substrate [49]. This rate is about
0.2 equivalent monolayer/min, 1 equivalent monolayer
(eq. ML) corresponding to the surface density of
a pseudomorphic Cu layer on Ru(0001) (the lattice
constant of the (111) surface of bulk Cu is typically
5.5% larger than the one of the Ru(0001)). In the
following, we use the ”eq. ML” notation to refer to the
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Figure 1. Ru(0001) surface partly covered with graphene. (a)
LEEM image of single-layer graphene flakes grown on Ru(0001)
(electron energy: 2.5 eV). Protruding Ru mesas imprinting
holes in graphene are schematized in the bottom-left inset.
Micro-diffraction patterns with 150 eV electrons, taken on
bare Ru(0001) (black-circled) and on graphene/Ru(0001) (blue-
circled), are shown. (b) Electron reflectivity as function of the
electron kinetic energy extracted from the two colored frames
in (a). The sudden decrease of reflectivity at about 0 eV
corresponds to the work function (W ) of the surface (see inset).
amount of Cu deposited, and to the ”ML” notation to
describe the actual Cu thickness.
Copper deposition and graphene growth were
performed under ultrahigh vacuum conditions, in
operando, in front of the objective lens of the
Elmitec LEEM-III end-station at the CIRCE beamline
of the ALBA Synchrotron [50]. Both soft X-ray
synchrotron light and low-energy electrons were used
as sources for imaging, yielding PEEM and LEEM
images, respectively. Electron reflectivity spectroscopy
was performed by varying the potential between the
electron gun of the microscope and the sample surface
(i.e. by varying the kinetic energy of the electrons).
In addition, X-ray absorption spectroscopy (XAS)
in partial electron yield mode was performed by
scanning the photon energy across the Cu L3 and
L2 absorption edges, while detecting the emitted
secondary photoelectrons.
LEEM observations
Before addressing the growth of copper, we briefly
describe the sample surface after graphene deposition.
In the LEEM image of figure 1(a), graphene partially
covers the Ru(0001) surface (in the imaging conditions
used here, graphene appears brighter than bare Ru).
We note the presence of holes in the graphene flakes,
having sizes of few 100 nm, typically. These graphene
holes are presumably a consequence of graphene
growth proceeding from the ascending step edges of
the Ru(0001) substrate [47], revealing the presence of
mesas in the Ru surface (see inset in figure 1(a)). Thus,
the graphene flakes are not continuous, although single
crystalline.
The micro-diffraction patterns [figure 1(a)] on bare
and graphene-covered Ru(0001) show the expected
(1×1) and surface superstructure [47]. The latter
corresponds to the coincidence lattice (so-called moire´
pattern) resulting from the lattice mismatch between
graphene and Ru(0001) [51]. Finally, electron
reflectivity (figure 1(b)) reveals typical features for
graphene-free and graphene-covered regions [47, 52].
The onset of total reflection, which corresponds to
electrons having a kinetic energy higher than the
surface work function (W ), is decreased by 1.3 eV in
presence of graphene, due to charge transfer at the
metal-graphene interface [53].
This surface, partly covered with graphene,
has been used to investigate the growth of Cu at
580 K. Growth modes on bare Ru(0001) and on
graphene/Ru(0001) can be then studied simultane-
ously. The growth temperature was 580 K. Following
previous reports [54, 55], this temperature was chosen
to observe a Stranski-Krastanov growth of Cu on bare
Ru(0001). We also used a 700 K growth temperature
to speed up the intercalation process. In these condi-
tions (deposition at 580 and 700 K), the pressure in
the system did not exceed the high 10−10 mbar-range.
Copper growth on bare Ru(0001)
We first analyse Cu growth on bare Ru based on the
LEEM image sequence reported in the supplementary
information (SI) figure S1. After the deposition of
about 1.2 eq. ML, the LEEM contrast coming from
the atomic step structure of the substrate is recovered
(see zoomed-in region in figure S1), indicating that a
complete 1 ML Cu is formed (table S1, movie S1).
This threshold amount of 1.2 eq. ML is substantially
larger than 1 ML. The difference may be related to the
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Figure 2. Copper on bare Ru(0001) and intercalated (Cui)
below graphene. LEEM image after the deposition of 9 eq.
ML (electron energy: 0.5 eV; same region as the one shown
in figure 1(a)). Underneath graphene, growth proceeds in a
step-flow-like fashion, from the edges of the graphene flake. On
bare Ru(0001), a characteristic Stranski-Krastanov morphology
develops, with a critical thickness for the 2D-3D transition
between 1 and 2 ML of Cu.
calibration of the Cu deposition rate (we estimate the
uncertainty to be of the order of 10-15%). In addition,
part of the Cu adatoms might be in a dilute phase on
the surface at the 580 K deposition temperature.
Further Cu deposition (see zoomed-in region in
figure S1 for 1.5 eq. ML and movie S1) leads to a
roughening of the surface, suggesting that the growth
of the second atomic layer in the form of one-extra-
layer-thick islands, separated by few 10 nm distances.
Further increasing the amount of deposited Cu never
leads to the completion of the second Cu ML. Instead, a
sudden formation of three-dimensional (3D) Cu islands
is observed (see zoomed-in region in figure S1, figure 2,
movie S1). The 3D islands have a much lower density
than the above-discussed 2 ML-thick islands and are
typically separated by a few micrometers. We note
that the location of these 3D islands is not correlated
to the position of the mesas on the Ru(0001) surface.
The low nucleation density of the islands signals
a transition from a 2D growth mode to a 3D growth
mode: above 1.9 eq. ML, 3D islands coexist with a 2D
wetting layer, which is typical for a Stranski-Krastanov
growth. The critical thickness for the 2D/3D transition
is here between 1 and 2 ML of Cu. Although
consistent, this value is different from those reported
when deposition is made at slightly lower temperatures
of 520 K (3 ML [55]) or 540 K (1 ML [54]). The
driving force for this transition is presumably not
the distinct surface energies of Ru(0001) and Cu(111)
(∼3.0 J/m2 and ∼1.8 J/m2 respectively [56, 57]), as
the larger value for Ru(0001) should rather promote
layer-by-layer growth (Frank-van der Merwe growth).
However, the relief of tensile elastic energy in Cu, which
results from the 5.5% lattice mismatch between the
two materials, could be a natural driving force for the
formation of 3D Cu islands.
Consistent with previous literature, we find that
the first Cu atomic layer is in fact pseudomorphic
to Ru(0001), hence strongly stretched (see figure S2).
Above this thickness, a variety of stress relief patterns
has been documented as a function of post-deposition
annealing temperatures [58, 59, 60]. The wetting layer
that we observe between the 3D Cu islands consists
of a full single layer plus a fraction of a double layer,
and its diffraction pattern (see figure S2) indicates (at
least) partial stress relief.
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Figure 3. Electron reflectivity as function of the kinetic energy
after the deposition of 2.5 (full lines) and 14 (dotted lines) eq.
ML of Cu, extracted from different regions on the sample surface.
Cu and Cui stand for Cu on bare Ru and intercalated below
graphene, respectively.
Copper growth on graphene-covered Ru(0001)
We now describe the real-time growth of Cu on
graphene-covered Ru(0001). As Cu is deposited, no
visible change in the LEEM contrast is observed on
the inner regions of the graphene flakes, contrary to
what is found on bare Ru (see figure S1 for low
coverages and table S1). The only discernable change
on graphene-covered regions is the appearance of a rim
extending over several 10 nm, located at the edges
of the flakes (see figure 2, figure S1 for 1.2 eq. ML,
and movie S1). Consistent with other works [14], this
suggests that Cu adatoms have long-range mobility on
graphene at the deposition temperature, presumably
beyond the few 10 µm size of the graphene flakes. This
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range is in agreement with first principle calculations
on free-standing graphene [61] but also with related
experimental observations [62]. When reaching the
edges of a graphene flake, Cu adatoms then land down
on the metal surface and intercalate (see below).
At about the same time (given the typical 2 s time
resolution of our measurements) the 3D Cu islands
form on bare Ru, a second rim starts to grow at the
graphene edges (see zoomed-in region in figure S1 for
1.9 eq. ML). For higher Cu coverages, both rims
grow wider and a third (and even a fourth, hardly
discernable in the imaging conditions used here) rim
forms (movie S2). These observations thus reveal a
step-flow growth mode from the edges of the graphene
flakes, in sharp contrast with what is observed on bare
Ru.
The rims that we observe at the graphene
edges and that extend into the inner regions of the
flakes actually correspond to Cu intercalated between
graphene and Ru. To support this claim, we use
the fact that the surface work function of graphene-
covered Cu is substantially decreased compared to
bare Cu. This can be seen in figure 3, where we
plot the electron reflectivity for different regions of
the surface. In particular, the green and magenta
curves, obtained on the graphene flakes, are shifted
by a few 100 meV compared to the orange and red
curves measured on Cu/Ru(0001). This reduction of
the surface work function for graphene-capped metal
surfaces is typical and consistent with other works
[53, 63, 64]. Interestingly, as we will see below, these
Cu rims have a well-defined thickness, ranging from
1 to 4 ML. The fact that Cu can be intercalated
underneath a full micron-size graphene flake indicates
that Cu diffusion is long-ranged [62].
We emphasize here that the growth mode we
observe underneath graphene is unusual (see section 4
of the SI) and does not correspond to any of the three
modes described in the introduction. In particular,
if the intercalation leads to the formation of rather
flat Cu films underneath graphene, the growth is not,
strictly speaking, layer-by-layer, as a Cu rim with
various thicknesses is observed at the edges of the
graphene flakes. Interestingly, the growth is not either
a conventional step-flow growth as the Ru atomic step
structure does not matter much in the intercalation
mechanism (although this might not be completely
true, see below). What matters however is the step
edge of the graphene flakes. Our measurements clearly
reveal that the intercalated growth front starts from
the graphene edges (of the flakes or the mesas) and
advances towards the center of the flake. In that
sense, the growth mechanism is step-flow like, but
confined under graphene, and essentially independent
of the substrate step structure. We also note that
the rim with 3-4 ML Cu thickness extends over a
fully intercalated 2 ML-thick Cu film. The speed at
which the intercalated growth front progresses appears
thickness-dependent. This could be related to the fact
that the first Cu ML is pseudomorph to the Ru(0001)
substrate, while the corresponding tensile strain might
be relaxed for thicker films.
PEEM observations
Our LEEM observations reveal that Cu is inhomo-
geneously distributed on the Ru surface, with well-
defined thicknesses at the edges of the graphene flakes
and thick 3D islands on bare Ru. To confirm this find-
ing, we used chemically-resolved microscopy, combin-
ing XAS with PEEM. A typical PEEM image acquired
at an energy below the absorption edge is reported in
figure 4(a), after the deposition of ∼14 eq. ML of Cu
(the last 5 eq. ML have been deposited at 700 K to
speed up the intercalation process). The inset identifies
the graphene-covered regions.
Recording a series of PEEM images while scanning
the photon energy allows extracting local XAS spectra
down to the single pixel level (figure 4(b)). As
expected, Cu is found everywhere on the surface, on
bare Ru and on graphene-covered regions as well,
where Cu is intercalated. Except for the Cu wetting
layer on bare Ru, all spectra are rather similar. The
larger absorption signal is obtained on the thick Cu
islands on graphene-free regions and is similar to the
one of bulk Cu [65]. For the Cu wetting layer on
bare Ru (orange curve in figure 4(b)), the oscillations
after the L3 edge are not located at the same energies
as in the other spectra, suggesting a different local
environment for Cu atoms. This difference may arise
from the strain present in the wetting layer, which is
pseudomorphic to Ru(0001).
In figure 4(c) and figure S3, the L3 absorption edge
height is plotted as a function of the number of Cu
layers. Although these two quantities are not directly
proportional [66], the step height monotonously
increases with the number of Cu layers, so that a map
of the Cu thickness can be extracted from the series of
PEEM images. Complementary to what we found with
LEEM, the rims of intercalated Cu have a 3 to 4 ML
thickness, while the remaining of the graphene flake is
fully intercalated with 2 ML of Cu. However, thicker
intercalated deposits are found. In particular, 5 ML-
thick intercalated regions are prominently found at the
edges of the graphene flake. Others are also found in
the center of the flake, at the location of a graphene
hole, which acts as an effective edge.
Noteworthy, intercalated regions thicker than
2 ML are not distributed equally all around the
graphene flake shown in figure 4(a). In particular,
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Figure 4. Copper thickness-dependent XAS spectra. (a) Pre-edge PEEM image acquired with 927.5 eV X-rays), after the deposition
of 14 eq. ML of Cu. In the explored range of X-ray energies, the escape length of the photoelectrons is of the order of 1 nm, significantly
smaller than the X-ray penetration depth. A cartoon identifies graphene-covered regions in (a,c). (b) Cu absorption across the L2,3
edges extracted from the different regions highlighted in (a). The curves are vertically shifted (reference at 965 eV) for clarity. (c)
L3 absorption edge step height (see (b)) extracted point-by-point (with 4 pixel-binning) across the surface, and represented in three
dimensions (viewpoint indicated with an arrow an the symbol of an eye in (a)). The height increases as the number of Cu layer
increases, although not linearly.
intercalation seems to be more efficient at the lower
edge in the image. It could be that the upper edge in
the image is located along a bunch of ascending atomic
steps of Ru(0001). Such graphene edges are known
to be strongly bound to the substrate and remain
essentially immobile during graphene growth. There,
Ru(0001) steps effectively act as walls preventing
graphene growth [47]. In contrast, the bottom edge
in the image would be weakly bound and mobile
during graphene growth [47]. We expect that these
type of mobile edges are preferred pathways for Cu
intercalation. Coming back to the discussion on
the growth mode of the intercalated Cu film, these
PEEM measurements indicate that the Ru atomic
step structure has in fact partial influence on the
intercalation mechanism. But this influence seems
more related to the energy barrier involved to initiate
intercalation than the structure of the Ru surface
atomic steps.
The variability in the thickness of intercalated
Cu at the vicinity of graphene edges may be seen
as a tendency to surface roughening. But the
dynamics of this roughening is different from the one
usually observed in standard layer-by-layer growth.
In fact, in absence of a graphene capping layer,
surface roughening is inevitable, even in the case of
a Frank-van der Merwe growth, due to the small,
but non-zero, probability for two (or more) metal
adatoms to meet on a terrasse. Atomic dimers (or
trimers, tetramers, etc) are then seeds for the further
attachment of adatoms, hence nucleating a new atom-
thick layer. The formation of few atom clusters can
also occur on these newly created atom-thick islands,
and roughening develops accordingly. This cluster
mechanism should be less probable when the surface
is graphene-covered. This is so because two (or more)
adatoms first need to climb up a one-atom-thick island
before nucleating a new island. In other words, the
fact that growth is confined under graphene and that
additional matter can only enter from the graphene
edges should significantly lower the probability of
roughening. This expected low probability is in
fact consistent with the very low density of >1 ML
(figures 2,S1,S4) or > 2 ML (figure 4) islands in
the LEEM and PEEM observations. Besides, this
probability presumably decreases with the distance
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from the graphene edges (the density of intercalated
adatoms must decrease with the distance from the
edge). Contrary to the ”standard” case in absence
of a capping layer, roughening should be effectively
suppressed away from the graphene edges.
Summary and concluding remarks
Copper deposition at 580 K on a Ru(0001) surface
partly covered with a graphene layer reveals two
distinct growth modes. On bare Ru, a Stranski-
Krastanov growth is observed and the morphology of
the Cu film is characterized by large micron-size, three-
dimensional islands, coexisting with a Cu wetting layer
of thickness between 1 and 2 ML. On graphene-covered
Ru, Cu intercalates at the edges of the graphene flakes
and a confined step-flow regime takes place, bringing
Cu towards the center of the flakes. The main result
of this work is the observation that graphene allows
to bypass the formation of three-dimensional islands
by modifying the surface energetics and the kinetics
of mass transport on the surface, and imposes a step-
flow growth. The steps that matter in this confined
growth mode are not those of the Ru substrate but
those defined by the graphene edges. Interestingly,
oxygen has been used also to promote the formation of
two-dimensional Cu films on Ru(0001), but following
a layer-by-layer growth mode [67, 68]. Here instead,
graphene forces a step-flow regime.
A natural question is whether the growth mode
we revealed can be implemented, beyond the scale of a
few 10 µm set by the size of the graphene flakes, at a
macroscopic length scale. In other words, one might
wonder whether confined step-flow growth can be
achieved underneath a full graphene layer. Obviously,
this question deserves more work, but a prerequisite is
that intercalation channels exist for Cu. We note that,
unlike the case of Co intercalation between graphene
and Ir(111), which comes with a variety of intercalation
channels (edges [40, 14], bent graphene regions [38],
point defects [30]), here we did not observe other
intercalation channels than edges (at 580 and 700 K).
Besides, preliminary attempts to intercalate a thin Cu
film (6 eq. ML) deposited at room temperature on
top of polycrystalline graphene/Ru(0001) (prepared by
catalytic decomposition of ethylene at 870 K; data
not shown) and subsequently annealed up to 700 K,
were unsuccessful. This is also in contrast with
the Co intercalation between polycrystalline graphene
and Ir(111) [30] or Pt(111) [26]. Point defects in
polycrystalline graphene on Ru(0001) do not seem to
favor intercalation. Even though we cannot exclude
that point defects or other kinds of intercalation
channels become active at temperatures beyond the
range we explored (580, 700 K), a confined step-
flow growth might be induced by generating defects,
artificially. These artificial defects could be obtained
for example after graphene islands have coalesced, but
before a 100% coverage is achieved, or could be created
a posteriori by an etching process. After intercalation,
a full protection of the surface could be achieved by
a second chemical vapor deposition of graphene onto
the bare Cu regions (those covering the initially bare
Ru(0001) regions, at the location of the graphene
defects).
Our work opens new prospects to revisit epitaxial
growth with a new ingredient, namely a covalent,
deformable graphene layer. By altering both the
growth kinetics and the thermodynamics of the system,
graphene offers the appealing opportunity to control
thin film morphology through confinement under an
atomically-thin cover. Besides, graphene is also an
excellent protective cover against oxidation in air and
other environments.
Acknowledgments
These experiments were performed at the CIRCE
beamline of the ALBA Synchrotron. We thank Jordi
Prat for his great technical support.
References
[1] E Bauer. Pha¨nomenologische Theorie der Kristallabschei-
dung an Oberfla¨chen. I. Z. Krist., 110(1-6):372–394,
1958.
[2] E Bauer and Jan H van der Merwe. Structure and
growth of crystalline superlattices: From monolayer to
superlattice. Phys. Rev. B, 33(6):3657, 1986.
[3] N Rougemaille, F El Gabaly, R Stumpf, A K Schmid,
K Thu¨rmer, N C Bartelt, and J De La Figuera.
Labyrinthine island growth during Pd/Ru(0001) het-
eroepitaxy. Phys. Rev. Lett., 99(10):106101, 2007.
[4] JB Hannon, J Sun, Karsten Pohl, and GL Kellogg. Origins
of nanoscale heterogeneity in ultrathin films. Phys. Rev.
Lett., 96(24):246103, 2006.
[5] AK Schmid, NC Bartelt, and RQ Hwang. Alloying at
surfaces by the migration of reactive two-dimensional
islands. Science, 290(5496):1561–1564, 2000.
[6] RQ Hwang. Chemically induced step edge diffusion
barriers: dendritic growth in 2D alloys. Phys. Rev. Lett.,
76(25):4757, 1996.
[7] WF Egelhoff Jr and DA Steigerwald. The role of adsorbed
gases in metal on metal epitaxy. J. Vac. Sci. Tech. A,
7(3):2167–2173, 1989.
[8] M Copel, MC Reuter, M Horn Von Hoegen, and RM Tromp.
Influence of surfactants in Ge and Si epitaxy on Si(001).
Phys. Rev. B, 42(18):11682, 1990.
[9] G Rosenfeld, R Servaty, Ch Teichert, B Poelsema, and
G Comsa. Layer-by-layer growth of Ag on Ag(111)
induced by enhanced nucleation: A model study for
surfactant-mediated growth. Phys. Rev. Lett., 71(6):895,
1993.
[10] A Sakai and T Tatsumi. Ge growth on Si using atomic
hydrogen as a surfactant. Appl. Phys. Lett., 64(1):52–
54, 1994.
[11] B Voigtla¨nder, A Zinner, Th Weber, and H P Bonzel.
N Rougemaille et al. 2D Materials (2019) DOI:10.1088/2053-1583/ab111e 8
Modification of growth kinetics in surfactant-mediated
epitaxy. Phys. Rev. B, 51(12):7583, 1995.
[12] S. Tanaka, S. Iwai, and Y. Aoyagi. Self-assembling GaN
quantum dots on AlxGa1−xN surfaces using a surfactant.
Appl. Phys. Lett., 69(26):4096–4098, 1996.
[13] Z-J Wang, A Dong, M Wei, Q Fu, and X Bao. Graphene
as a surfactant for metal growth on solid surfaces: Fe on
graphene/SiC(0001). Appl. Phys. Lett., 104(18):181604,
2014.
[14] S Vlaic, N Rougemaille, A Artaud, V Renard, L Huder,
J-L Rouvie`re, A Kimouche, B Santos, A Locatelli,
V Guisset, P David, C Chapelier, L Magaud, B Canals,
and J Coraux. Graphene as a mechanically active,
deformable two-dimensional surfactant. J. Phys. Chem.
Lett., 9(10):2523–2531, 2018.
[15] N Rougemaille, AT N’Diaye, J Coraux, C Vo-Van,
O Fruchart, and AK Schmid. Perpendicular magnetic
anisotropy of cobalt films intercalated under graphene.
Appl. Phys. Lett., 101(14):142403, 2012.
[16] R. Decker, J. Brede, N. Atodiresei, V. Caciuc, S. Blu¨gel, and
R. Wiesendanger. Atomic-scale magnetism of cobalt-
intercalated graphene. Phys. Rev. B, 87(4):041403, 2013.
[17] A-D Vu, J Coraux, G Chen, AT N’Diaye, AK Schmid, and
N Rougemaille. Unconventional magnetisation texture
in graphene/cobalt hybrids. Sci. Rep., 6:24783, 2016.
[18] H Yang, A D Vu, A Hallal, N Rougemaille, J Coraux,
G Chen, A K Schmid, and M Chshiev. Anatomy
and giant enhancement of the perpendicular magnetic
anisotropy of cobalt–graphene heterostructures. Nano
Lett., 16(1):145–151, 2015.
[19] P Gargiani, R Cuadrado, HB Vasili, M Pruneda, and
M Valvidares. Graphene-based synthetic antiferromag-
nets and ferrimagnets. Nat. Commun., 8:699, 2017.
[20] C. Vo-Van, Z. Kassir-Bodon, H. Yang, J. Coraux,
J. Vogel, S. Pizzini, P. Bayle-Guillemaud, M. Chshiev,
L. Ranno, V. Guisset, P. David, V. Salvador, and
O. Fruchart. Ultrathin epitaxial cobalt films on graphene
for spintronic investigations and applications. New J.
Phys., 12(10):103040, 2010.
[21] T. Abtew, B.-C. Shih, S. Banerjee, and P. Zhang.
Graphene–ferromagnet interfaces: Hybridization, mag-
netization and charge transfer. Nanoscale, 5(5):1902–
1909, 2013.
[22] AB Shick, SC Hong, F Maca, and AI Lichtenstein.
Magnetic anisotropy energy and effective exchange
interactions in co intercalated graphene on ir(111). J.
Phys.: Condens. Matter, 26(47):476003, 2014.
[23] G. M. Sipahi, I. Zˇutic´, N. Atodiresei, RK Kawakami,
and P. Lazic´. Spin polarization of co (0001)/graphene
junctions from first principles. J. Phys.: Condens.
Matter, 26(10):104204, 2014.
[24] SM Dunaevskii, E Yu Lobanova, EK Mikhailenko,
and II Pronin. Electronic and magnetic structure
of intercalated graphene films. Phys. Sol. State,
60(6):1214–1218, 2018.
[25] H Yang, G Chen, A A C Cotta, A T N’Diaye, S A Nikolaev,
E A Soares, W A A Macedo, K Liu, A K Schmid,
A Fert, and Chshiev M. Significant Dzyaloshinskii–
Moriya interaction at graphene–ferromagnet interfaces
due to the Rashba effect. Nat. Mater., 17(7):605, 2018.
[26] F Ajejas, A Gud´ın, R Guerrero, A Anadon, J M Diez,
L de Melo Costa, P Olleros, M A Nin˜o, S Pizzini,
J Vogel, M Valvidares, P Gargiani, M Cabero, M Varela,
J Camarero, R Miranda, and P Perna. Unraveling
Dzyaloshinskii–Moriya interaction and chiral nature of
graphene/cobalt interface. Nano Lett., 18:ASAP article,
2018.
[27] P Genoni, F Genuzio, B Mentes, TO Santos, A Sala,
C Lenardi, and A Locatelli. Magnetic patterning by
electron beam-assisted carbon lithography. ACS Appl.
Mater. Interfaces, 10:27178–27187, 2018.
[28] A Ya Tontegode. Carbon on transition metal surfaces.
Prog. Surf. Sci., 38(3-4):201–429, 1991.
[29] Yu S Dedkov, AM Shikin, VK Adamchuk, SL Molodtsov,
C Laubschat, A Bauer, and G Kaindl. Intercalation of
copper underneath a monolayer of graphite on Ni(111).
Phys. Rev. B, 64(3):035405, 2001.
[30] J Coraux, A T NDiaye, N Rougemaille, C Vo-Van,
A Kimouche, H-X Yang, M Chshiev, N Bendiab,
O Fruchart, and A K Schmid. Air-protected epitaxial
graphene/ferromagnet hybrids prepared by chemical
vapor deposition and intercalation. J. Phys. Chem.
Lett., 3(15):2059–2063, 2012.
[31] SJ Sung, JW Yang, PR Lee, JG Kim, MT Ryu, HM Park,
Geunsik Lee, CC Hwang, Kwang S Kim, JS Kim,
and JW Chyung. Spin-induced band modifications of
graphene through intercalation of magnetic iron atoms.
Nanoscale, 6(7):3824–3829, 2014.
[32] H Vita, St Bo¨ttcher, P Leicht, K Horn, AB Shick, and
F Ma´ca. Electronic structure and magnetic properties of
cobalt intercalated in graphene on Ir(111). Phys. Rev.
B, 90(16):165432, 2014.
[33] D Pacile´, S Lisi, I Di Bernardo, M Papagno, L Ferrari,
M Pisarra, M Caputo, SK Mahatha, PM Sheverdyaeva,
P Moras, P Lacovig, S Lizzit, A Baraldi, M G Betti,
and C Carbone. Electronic structure of graphene/Co
interfaces. Phys. Rev. B, 90(19):195446, 2014.
[34] J Drnec, S Vlaic, I Carlomagno, C J Gonzalez, H Isern,
F Carla`, R Fiala, N Rougemaille, J Coraux, and R Felici.
Surface alloying upon Co intercalation between graphene
and Ir(111). Carbon, 94:554–559, 2015.
[35] Z Y Al Balushi, K Wang, R K Ghosh, R A Vila´,
S M Eichfeld, J D Caldwell, X Qin, Y-C Lin, P A
DeSario, G Stone, S Subramanian, D F. Paul, R M.
Wallace, S Datta, J M. Redwing, and J A. Robinson.
Two-dimensional gallium nitride realized via graphene
encapsulation. Nat. Mater., 15(11):1166–1171, 2016.
[36] M Sicot, P Leicht, A Zusan, S Bouvron, O Zander, M Weser,
Y S Dedkov, K Horn, and M Fonin. Size-selected
epitaxial nanoislands underneath graphene moire´ on
Rh(111). ACS Nano, 6(1):151–158, 2012.
[37] M Petrovic´, I Rakic´, S Runte, C Busse, JT Sadowski,
P Lazic´, I Pletikosic´, Z-H Pan, M Milun, P Pervan,
N Atodiresei, R Brako, D Sˇokcˇevic, T Valla, T Michely,
and T Kralj. The mechanism of caesium intercalation of
graphene. Nat. Commun., 4:2772, 2013.
[38] S Vlaic, A Kimouche, J Coraux, B Santos, A Locatelli,
and N Rougemaille. Cobalt intercalation at the
graphene/iridium (111) interface: Influence of rotational
domains, wrinkles, and atomic steps. Appl. Phys. Lett.,
104(10):101602, 2014.
[39] P Sutter, JT Sadowski, and E A Sutter. Chemistry under
cover: tuning metal-graphene interaction by reactive
intercalation. J. Am. Chem. Soc., 132(23):8175–8179,
2010.
[40] S Vlaic, N Rougemaille, A Kimouche, B S Burgos,
A Locatelli, and J Coraux. Intercalating cobalt between
graphene and iridium (111): Spatially dependent kinetics
from the edges. Phys. Rev. Materials, 1(5):053406, 2017.
[41] P Sutter, MS Hybertsen, JT Sadowski, and E Sutter.
Electronic structure of few-layer epitaxial graphene on
Ru(0001). Nano Lett., 9(7):2654–2660, 2009.
[42] AM Shikin, D Farias, and KH Rieder. Phonon stiffening
induced by copper intercalation in monolayer graphite
on Ni(111). Europhys. Lett., 44(1):44, 1998.
[43] AM Shikin, D Farıas, VK Adamchuk, and K-H Rieder.
Surface phonon dispersion of a graphite monolayer
adsorbed on Ni(111) and its modification caused by
intercalation of Yb, La and Cu layers. Surf. Sci.,
424(1):155–167, 1999.
N Rougemaille et al. 2D Materials (2019) DOI:10.1088/2053-1583/ab111e 9
[44] D Farıas, KH Rieder, AM Shikin, VK Adamchuk,
T Tanaka, and C Oshima. Modification of the surface
phonon dispersion of a graphite monolayer adsorbed on
Ni(111) caused by intercalation of Yb, Cu and Ag. Surf.
Sci., 454:437–441, 2000.
[45] H Vita, S Bo¨ttcher, K Horn, EN Voloshina, RE Ovcharenko,
Th Kampen, A Thissen, and Yu S Dedkov. Understand-
ing the origin of band gap formation in graphene on met-
als: graphene on Cu/Ir(111). Sci. Rep., 4:5704, 2014.
[46] S Forti, A Sto¨hr, AA Zakharov, C Coletti, KV Emtsev,
and U Starke. Mini-dirac cones in the band structure
of a copper intercalated epitaxial graphene superlattice.
2D Mater., 3(3):035003, 2016.
[47] P W Sutter, J-I Flege, and E A Sutter. Epitaxial graphene
on ruthenium. Nat. Mater., 7(5):406, 2008.
[48] K F McCarty, P J Feibelman, E Loginova, and N C Bartelt.
Kinetics and thermodynamics of carbon segregation and
graphene growth on Ru(0001). Carbon, 47(7):1806–1813,
2009.
[49] BP Tonner, J Zhang, and Z-L Han. Structure of Cu on
Ir(111): a case study in photoelectron holography and
quantitative photoelectron diffraction. Appl. Surf. Sci.,
70:378–385, 1993.
[50] L Aballe, M Foerster, E Pellegrin, J Nicolas, and S Ferrer.
The ALBA spectroscopic LEEM-PEEM experimental
station: Layout and performance. J. Synchrotron
Radiat., 22(3):745–752, 2015.
[51] S Marchini, S Gu¨nther, and J Wintterlin. Scanning
tunneling microscopy of graphene on Ru(0001). Phys.
Rev. B, 76(7):075429, 2007.
[52] P Sutter, Peter A, X Tong, and E Sutter. Mechanical
decoupling of graphene from Ru(0001) by interfacial
reaction with oxygen. J. Phys. Chem. C, 117(12):6320–
6324, 2013.
[53] GAKPA Giovannetti, PA Khomyakov, G Brocks, VM vd
Karpan, J Van den Brink, and Paul J Kelly. Doping
graphene with metal contacts. Phys. Rev. Lett.,
101(2):026803, 2008.
[54] JC Vickerman, K Christmann, G Ertl, P Heimann,
FJ Himpsel, and DE Eastman. Geometric structure and
electronic states of copper films on a ruthenium (0001)
surface. Surf. Sci., 134(2):367–388, 1983.
[55] Ch Ammer, K Meinel, H Wolter, A Beckmann, and
H Neddermeyer. Combined HRLEED and STM
investigations on the initial stages of Cu heteroepitaxy
Ru(0001). Surf. Rev. Lett., 4(06):1167–1171, 1997.
[56] WR Tyson and WA Miller. Surface free energies of
solid metals: Estimation from liquid surface tension
measurements. Surf. Sci., 62(1):267–276, 1977.
[57] FR De Boer, R Boom, WCM Mattens, AR Miedema, and
AK Niessen. Cohesion in metals. North-Holland, 1988.
[58] Ch Gu¨nther, J Vrijmoeth, RQ Hwang, and RJ Behm.
Strain relaxation in hexagonally close-packed metal-
metal interfaces. Phys. Rev. Lett., 74(5):754, 1995.
[59] H Zajonz, D Gibbs, AP Baddorf, V Jahns, and DM Zehner.
Structure and growth of strained Cu films on Ru(0001).
Surf. Sci., 447(1-3):L141–L146, 2000.
[60] J de La Figuera, AK Schmid, NC Bartelt, Karsten Pohl,
and RQ Hwang. Determination of buried dislocation
structures by scanning tunneling microscopy. Phys. Rev.
B, 63(16):165431, 2001.
[61] Oleg V Yazyev and Alfredo Pasquarello. Metal adatoms
on graphene and hexagonal boron nitride: Towards
rational design of self-assembly templates. Phys. Rev.
B, 82(4):045407, 2010.
[62] Xiaojie Liu, Yong Han, James W Evans, Albert K
Engstfeld, R Juergen Behm, Michael C Tringides, Myron
Hupalo, Hai-Qing Lin, Li Huang, Kai-Ming Ho, David
Appy, Patricia A. Thiel, and Cai-Zhuang Wang. Growth
morphology and properties of metals on graphene. Prog.
Surf. Sci., 90(4):397–443, 2015.
[63] Y Murata, E Starodub, BB Kappes, CV Ciobanu,
NC Bartelt, KF McCarty, and S Kodambaka.
Orientation-dependent work function of graphene on
Pd(111). Appl. Phys. Lett., 97(14):143114, 2010.
[64] E Starodub, A Bostwick, L Moreschini, S Nie, F El Gabaly,
K F McCarty, and E Rotenberg. In-plane orientation
effects on the electronic structure, stability, and raman
scattering of monolayer graphene on Ir(111). Phys. Rev.
B, 83(12):125428, 2011.
[65] M Grioni, JF Van Acker, MT Czyzˇyk, and JC Fuggle.
Unoccupied electronic structure and core-hole effects in
the x-ray-absorption spectra of Cu2O. Phys. Rev. B,
45(7):3309, 1992.
[66] T Ejima. Formulae of total electron yield for multilayers:
Extension of Pepper’s method. Jap. J. Appl. Phys.,
42(10R):6459, 2003.
[67] H Wolter, M Schmidt, and K Wandelt. Surfactant
induced layer-by-layer growth of Cu on Ru(0001) as
revealed by oscillatory work function changes. Surf. Sci.,
298(1):173–186, 1993.
[68] H Wolter, K Meinel, Ch Ammer, K Wandelt, and
H Neddermeyer. O-induced modification of growth of
thin Cu films on Ru(0001). Phys. Rev. B, 56(23):15459,
1997.
